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1. OVERVIEW
a. This project is focused on the preparation and study of  ordered porous materials that are 

designed to display self-propagating and self-regulating reactivities toward chemical war-
fare agents (CWAs).  Our research objective is to use functionalizable porous materials 
that can be activated in a non-linear fashion to supply a high concentration of neutraliz-
ing agents against entrapped OP-based nerve agents.  Development of new  chemically 
robust covalent organic frameworks (COFs), metal–organic frameworks (MOFs), and 
electrically active nanoporous polymer networks complements such efforts by signifi-
cantly expanding the scope of  reaction chemistry within confined spaces.  New  design 
principles emerging from studies on such functional group-rich porous materials directly 
address DTRA/ARO’s interests in basic research to counter chemical threats.

b. In the area of  functionalized COFs and MOFs, we focused on the development of  new  
porous materials that are (a) molecualrly constructed, (b) maintain large cavity and high 
surface area, and (c) post-synthetically modified through selective and high-yielding 
chemical transformations.  COFs and MOFs with rigid, permanently porous structures 
have been shown to adsorb a variety of gases.  These materials have high surface area 
and free volume, as well as controllable functionality and metrics; however, little is 
known about the capacity of these crystalline porous solids for toxic gas adsorption 
properties.  Wed thus designed and synthesized crystalline materials with reactive sites 
to study adsorption behaviors of various gases and CWA/simulants.
Specifically, we prepared COF-202 having hydrolytically robust borosilicate linkages (B–
O–Si), and demonstrated its good thermal and moisture stability.  Zr-MOFs are 
chemically stable porous solids recently discovered.  Considering that porous media 
need to be used under humid conditions in practical applications, Zr-MOFs are one of 
the best materials to introduce reactive functionalities for improved ammonia adsorption. 
First, isoreticular covalent modification of amino-functionalized Zr-MOF was performed. 
Obtained MOFs have chemical stability, as evidenced by reversible ammonia uptake. 
More importantly, functionalized Zr-MOFs show  greater ammonia uptake capacity than 
that of pristine MOF. Metallation reactions of novel Zr-MOFs with porphyrin functionality 
was also carried out. Importantly, the metallated analogues did not lose their high 
surface area and chemical stability, and demonstrated improved ammonia uptake.
We also designed a MOF that can release stored guest molecules by a controllable 
external stimulus. Azo-IRMOF-74-III with azobenzene units changes the pore diameter 
by over 4 Å due to the trans-to-cis light-induced configurational change. When propidium 
iodide dye was loaded into the MOF, the release of  the dye from the pores was observed 
by excitation at λ = 408 nm; the rate of  dye release was diminished when irradiation was 
stopped. This is the first example of  light triggering a response mechanism leading to 
release of a dye molecule from MOF frameworks.

c. For self-propragating reaction cascades to detect and neutralized CWAs, we have 
developed a series of dendritic molecules that spontaenously undergo chain 
fragmentation reactions upon reaction with fluoride ion (= CWA hydrolysis product).  The 
reactive modules to be installed onto the inner surface of  COF/MOFs were designed to 
react with CWAs (or their reaction byproducts) to give ries to a large enhancement in 
fluorescence intensity (i.e. turn-on) as the signaling event.  The quinionemethide (QM)  
rearrangement reaction, which underpins this reaction chemistry, occurs in a cascade 
fasion and “runs” along the dendritic molecular backbone.  As a consequence, multiple 
copies of  nucleophilic agents are released to covalently capture electrophilic chemical 
agents.  Through a combination of  spectroscopic and kinetic studies, we have 
established structure-dependent changes in the mechanism of chain fragmentation, and 
obtained the rate constants of this chemically-driven signal transduction.  An efficient 
copper(I)-catalyzed [3 + 2] cycloaddition reaction (= azide–alkyne cycloaddition reaction) 
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was employed successfully to graft these functional molecules onto alkyl azide-modified 
glass surfaces (as a model of  COF inner surface) without compromising their inherent 
reactivity.

d. In parallel with studies on the post-synthetic structural modifications of  COF and MOF 
(see 1b above), we have explored a series of mesoporous silicates (MPS) SBA-15 with 
cylindrical pore topology (diameter = 6–9 nm) as a porous and robust structural support 
to immobilize dendritic reactor/sensor modules (see 1c above).  Building upon our 
expertise in chemical synthesis and materials assembly, we have investigated (i) 
programmed reagent release from dendritic agents having multiple branching units; (ii) 
new  chromogenic reporter units having longer-wavelength spectral windows; (iii) surface 
modification with nucleophilic functional groups to trigger and help maintain chain 
reactions in response to CWAs.  A systematic variation in the TEOS:(RO)3Si–linker–N3 
ratio in the template synthesis of  SBA-15 aided these efforts by providing mesoporous 
materials with fine control over the surface density of  azido groups which function as 
chemical anchoring sites for CWA detox/sensor modules.

e. As low-dimensional structural analogues of borosilicate-based COFs (see 1b above), we 
have designed and prepared conjugated polymers (CPs) from π-extended borasiloxane 
cage monomers.  Our exploratory studies on these molecularly constructed and π-
conjugated inorganic/organic hybrid materials have established that anodic 
polymerization of  selected bifunctional borasiloxane cage molecules can proceed under 
ambient conditions to furnish robust thin-film materials that (i) display high electrical 
conductivity, (ii) selectively recognize volatile chemicals including toxic amines, and (iii) 
transduce such recognition events into rapid and reversible colorimetric response that 
can readily be detected without resorting to elaborate optical devices.
Unlike existing CP sensors that typically rely on adsorption-induced swelling and change 
in the electrical resistivity of  composite materials, our borasiloxane-based CPs exploit 
reversible bond-forming reactions that are directly coupled to changes in visually 
detectable signals.  The high modularity in our synthetic design has facilitated the 
generation of a large library of  borasiloxane cage molecules having systematically varied 
conjugation length and backbone substituents, both of which should profoundly impact 
the structural and optoelectronic properties of  the resulting CPs.  In order to fully 
establish the structure–property relationships and to identify key structural and functional 
parameters for selective detection of CWAs, we have also built controlled gas-flow 
systems with in situ spectroscopy capabilities, and also developed chemiresistor arrays 
for conductance measurements under ambient conditions.

f. Key achievements:
1. Design and Synthesis of COFs with High Porosity and Thermal/Hydrolytic Stability: A 

new robust covalent organic framework (COF-202) constructed from borosilicate 
linkages (B-O-Si) was designed and synthesized.  COF-202 has high porosity and 
thermal stability.

2. Functional Group-Rich MOFs for Reversible Chemical Reactions: By solid-state 15N 
NMR measurements, we have confirmed that Zr-MOF (UiO-66) having amino-group 
rich internal surface can engage in reversible Brønsted acid–base chemistry to afford 
a mixture of –NH2 and –NH3+Cl– functionalities (termed UiO-66-A).

3. Postsynthetic Functional Group Transformations: UiO-66-A was post-synthetically 
modified to furnish a mixture of three functionalities, where the hemiaminal function-
ality is the majority species in UiO-66-B and aziridine is the majority functionality in 
UiO-66-C.  These newly prepared materials are chemically stable, as evidenced by 
reversible ammonia uptake and release showing capacities ranging from 134 to 193 
cm3/g.
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4. Porphyrin-Containing MOFs for Postsynthetic Metallation: Two new MOFs (MOF-525 
and MOF-545) having porphyrin groups have been synthesized, and structurally 
characterized.  In addition to their large surface areas (BET surface areas of 2620 
and 2260 m2/g for MOF-525 and MOF-545, respectively), both MOFs show excep-
tional chemical stability by maintaining their structures in both aqueous and organic 
environments.

5. Postsynthetic Metallation to Prepare Metalloporphyrin-Functionalized MOFs: MOF-
525 and MOF-545 having built-in free ligand units were postsynthetically metallated 
with iron(III) and copper(II) to yield the corresponding metalloporphyrin-functionalized 
MOFs without losing their high surface area and chemical stability.  Furthermore, the 
addition of metal ion to the porphyrin unit was shown to considerably enhance the 
total ammonia adsorption.

6. Light-Driven Actuation of Azo-Functionalized MOFs as Stimuli-Responsive Porous 
Materials: The synthesis and structural characterization of an azobenzene-modified 
isoreticular MOF (azo-IRMOF-74-III) [Mg2(C26H16O6N2)] were completed.  In re-
sponse to external stimuli (i.e. irradiation with light), this material can release pore-
entrapped guest molecules in a reversible fashion.

7. Single-Trigger, Multiple-Release Reagents: Taking advantage of covalently-triggered 
QM rearrangements, we have prepared a series of branched molecules that are de-
signed to undergo controlled chain fragmentation reactions.  Upon reaction with fluo-
ride anion (= CWA hydrolysis product), these reagents display fluorescence turn-on 
response, and release nucleophilic phenoxide ions that covalent capture CWA simu-
lants.

8. Surface Immobilization of Dendritic Molecules: Using copper(I)-catalyzed azide–
alkyne cycloaddition reactions, we have grafted alkyne-tethered reactive modules 
onto the surface of azide-modified glasses or MPSs.  We have also confirmed that 
surface immobilized reagents still maintain their reactivity toward F–.

9. Mechanisms of Signal Transduction and Structure–Reactivity Relationships:  We 
have carried out extensive kinetic studies to reveal a dual mechanism of signal 
transduction through chain fragmentation reactions.  The kinetic parameters obtained 
from these studies show strong dependence on the chemical structures of the linker 
groups that connect "masked" nucleophiles.

10. Functionalizable Mesoporous Silicates: A series of azido-functionalized MPS materi-
als were prepared and post-synthetically modified with various alkyne-tethered den-
dritic reagents and fluorogenic reporter molecules.  We have demonstrated that a 
wide range of functional groups can be installed onto the inner surface of MPS, the 
"surface density" of which could be directly quantified by straightforward spectro-
scopic analysis of released chromophore reporters.

11. Inorganic Cage Molecules to Construct π-Conjugated Polymers: An efficient [2 + 2]-
type cyclocondensation reactions furnished bifunctional borasiloxane cage mole-
cules, which could be electropolymerized to form air-stable thin films that respond 
reversibly to volatile TICs including amine vapors.

12. Dual Mode of Sensing with Nanoporous Conjugated Polymers: We have shown that 
both optical transitions and electrical conductivities of the borasiloxane-based con-
ducting polymers (BCPs) respond sensitively to volatile substrates.  This dual mode 
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of sensing allows for cross-validations, and minimizes false positive sensory signal-
ing.

2. TECHNICAL PROGRESS DURING THE REPORTING PERIOD
a. Reticular Synthesis of Covalent Organic Borosilicate Frameworks: Linking molecular 

building blocks into extended structures by strong covalent bonds is now  commonly practiced in 
the synthesis of MOFs.  We have demonstrated that this chemistry can be extended to to the 
linkage of  organic units through covalent bonds to small, main-group elements (C–C, C–B, and 
B–O) to construct COFs. We further demonstrated the generality of  this approach by linking or-
ganic units with the strong covalent bonds found in Pyrex (borosilicate glass, B–O and Si–O) to 
assemble a porous covalent organic borosilicate framework designated as COF-202.  The syn-
thesis of crystalline COF-202 was carried out by combining a 1:2 v/v dioxane/toluene solution 
mixture of tert-butylsilane triol, tBuSi(OH)3, and tetra(4-dihydroxyboryl-phenyl)methane, 
C{C6H4[B(OH)2]}4, (A and D, respectively; see Figure 1) in a sealed glass tube. This solution 
was heated to 120 °C for 3 days to yield a white microcrystalline powder whose composition 
coincided well with the expected formula of C107H120B12O24Si8 = [C(C6H4)4]3[B3O6(tBuSi)2]4.  The 
structure of COF-202 was confirmed by PXRD (Figure 2A), solid-state 11B, 29Si and 13C NMR 
spectra.

Thermogravimetric analysis showed that COF-202 is stable up to 450 °C, and is insoluble in 
common organic solvents such as alkanes, tetrahydrofuran (THF), alcohols, acetone, and N,N-
dimethylformamide (DMF).  Moreover, samples of  COF-202 maintain good porosity and crystal-
linity after exposure to air for 24 h.  Immersion of  COF-202 in anhydrous THF and subsequent 
evacuation under vacuum at 85 °C for 16 h remove all volatile guests from the pores and acti-
vate the material for gas adsorption experiments. The porosity of COF-202 was measured by 
running an argon low  pressure isotherm at 87 K (Figure 2B).  The observed Type I isotherm in-
dicates that COF-202 is a microporous material. Furthermore, BET and Langmuir models 
yielded high surface area values of 2690 and 3210 m2/g, respectively.

b. Postsynthetic Modification of Zr-MOF for Ammonia Uptake: Postsynthetic modification of 
porous MOFs has allowed organic, metal-coordination, and organometallic reactions to be car-
ried out on covalently linked organic functionalities within the pores.  However, challenges arise 
during attempts to characterize the starting points, intermediates, and products of these reac-
tions.  We have demonstrated the use of solid-state 15N NMR spectroscopy to elucidate the 
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Figure 1. Condensation of tert-butylsilane triol A with monotopic boronic acid B forms the molecular borosilicate 
cage C. Condensation of A with divergent boronic acid D leads to the building unit E in which the boron atoms oc-
cupy the vertices of a triangle and join together the tetrahedral building blocks D to give COF-202 F. Atom colors: C, 
black; Si, blue; O, red; B, yellow (H atoms have been omitted and tert-butyl groups are represented as green spheres 
for clarity).



genuine chemical nature of  what was presumed to be an amino-functionalized MOF. Specifi-
cally, UiO-66 is a zirconium MOF, [Zr6O4(OH)4(BDC)6 (where BDC = 1,4-benzenedicarboxylate), 
which was recently reported to have an exceptionally high chemical stability.  The amino-
functionalized UiO-66-NH2 (hereafter UiO-66-A, Figure 3A) derivative was also prepared and 
found to have the same topology.

UiO-66-A was synthesized by adding solution mixtures of zirconium tetrachloride in DMF and 
H2BDC-NH2 in DMF. Each of the mixtures was heated to 85 °C and sonicated to dissolve the 
respective components.  The solutions were then combined in a 60 mL scintillation vial and 
heated to 120 °C for 24 h.  The resulting white crystalline powder was collected by filtration.  All 
guest molecules were removed from the pores of  UiO-66-A. PXRD analyses were performed on 
samples of UiO-66-A to ascertain its crystallinity (Figure 4A). 
UiO-66-A was further characterized by cross-polarization magic-angle-spinning (CP/MAS) NMR 
spectra. The 15N NMR spectrum for UiO-66-A that had been synthesized from 15N-enriched 
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Figure 2. (A) Experimental (black) and calculated (blue) PXRD patterns for COF-202 including Le Bail fitting (red) 
and the difference plot (light blue). (B) Ar isotherm for COF-202 measured at 87 K. Open and filled circles represent 
adsorption and desorption branches, respectively.

Figure 3. Crystal structure of UiO-66-A. Pores in the evacuated crystalline frameworks are illustrated by yellow 
spheres that contact the van der Waals radii of the framework atoms. Atom colors: Zr, green polyhedra; C, black; N, 
green; O, red. (B-D) Synthesis and postmodification of UiO-66-A.



H2BDC-NH2 showed two resonances at 56 and 137 ppm; these features can be attributed to the 
free aromatic amine resonance and the protonated amine salt –NH3+Cl-, respectively.  Given 
that hydrolysis of ZrCl4 produces HCl, it is anticipated that the BDC-NH3+Cl- salt moiety is pro-
duced during MOF formation.  Integration of direct-excitation NMR gave an approximate ratio of 
2:1 (1.94:1) of  the amine, which is in line with results from solution NMR and elemental analysis, 
i.e., Zr6O4(OH)4(BDC-NH2)4(BDC-NH3+Cl-)2].  Prior to carrying out reactions on UiO-66-A, its po-
rosity was assessed by measuring the N2 gas adsorption isotherm at 77 K (BET surface area = 
820 m2/g).
A common reaction in molecular organic chemistry is the condensation reaction of an aldehyde 
and an amine to form an imine moiety.  We thus prepared UiO-66-B by adding CH3CHO to UiO-
66-A in CHCl3.  The solid-state 15N NMR spectrum of UiO-66-B did not show  the expected imine 
resonances, but instead two new  resonances at 93 and 71 ppm were observed.  The peak at 93 
ppm is attributable to a hemiaminal nitrogen.  The MAS 13C NMR spectrum of UiO-66-B synthe-
sized from isotopically labeled 13CH313CHO supports the assignment, displaying resonance 
peaks at 85 and 49 ppm due to the secondary and primary carbon atoms of the hemiaminal, 
respectively.  The additional peak at 71 ppm in the 15N NMR spectrum is consistent with the 
presence of an aziridine ring, which is also supported by the isotopically enriched 13C MAS NMR 
spectrum in the resonance at 20 ppm.  Integration of a direct-excitation NMR spectrum gavie 
approximate yields of each reaction with 3:5:2 (1:1.74:0.72) of  the protonated amine, hemiami-
nal, and aziridine, respectively.
The putative mixture of  functional groups led us to hypothesize that both the kinetic (hemiami-
nal) and the thermodynamic (aziridine) products were present within the pores of UiO-66-C. 
Thus, we heated samples of UiO-66-B to 100 °C for 12 h to ascertain whether the yield of  the 
thermodynamic product could be increased.  Indeed, after heating, samples of  UiO-66-B 
changed from yellow  to bright green.  15N NMR spectra obtained from a sample of  thermally 
treated UiO-66-C showed a decrease in the intensity of  the hemiaminal product peak at 93 ppm 
and an increased intensity of the aziridine peak at 71 ppm.  The isotopically enriched 13C NMR 
spectrum showed an analogous relationship between the hemiaminal and aziridine resonances, 
further confirming the 15N assignments.  Again, to quantify the transformation, direct excitation of 
the 15N NMR spectrum showed a ratio of 3:1:5 (1:0.28:1.68) for the protonated amine/
hemiaminal/aziridine.
To confirm that the structure was maintained during the postsynthetic modification reactions, 
PXRD peaks were examined: both UiO-66-B and UiO-66-C maintained their crystallinity and 
structure (Figure 4A). Furthermore, the N2 adsorption isotherm at 77 K demonstrated that UiO-
66-B and UiO-66-C retained porosity with BET surface areas of 780 and 800 m2/g, respectively. 
The exceptional stability and unique functionality of these frameworks provide excellent oppor-
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Figure 4. (A) PXRD patterns of UiO-66-A and postmodified compounds (UiO-66-B and -C). Simulated PXRD pattern 
for UiO-66-A was overlaid. (B) NH3 isotherm at 298 K of UiO-66-A and postsynthetically modified compounds (UiO-
66-B and UiO-C).



tunities to explore the adsorption chemistry of gas molecules such as NH3, previously consid-
ered to be too reactive for MOFs.  Ammonia isotherms were thus obtained at 298 K for the three 
compounds (Figure 4B), and found to have significant uptake capacities at 760 Torr (134 cm3/g, 
UiO-66-A; 159 cm3/g, UiO-66-B; 193 cm3/g, UiO-66-C).  Although this value is lower than the 
uptake observed for MOF-5 (270 cm3/g at 760 Torr), the stability of UiO-66-A-C materials, as 
evidenced by maintenance of the analogous structure (NMR) and crystallinity (PXRD), following 
adsorption and desorption provides important advantages.

c. Synthesis, Structure, and Metalation of Two New  Highly Porous Zr-MOFs; Recently, 
MOFs based on the zirconium(IV) cuboctahedral secondary building unit (SBU), 
Zr6O4(OH)4(CO2)12 (Figure 5A), and related expanded analogues with ditopic organic struts 
have been reported.  All of these MOFs have a face-centered-cubic (fcc) topology and high 
thermal and chemical stability.  Thus far, no other topologies have been reported for this impor-
tant class of zirconium-based MOFs.  We thus explored this chemistry further to establish that 
this 12-connected SBU (Figure 5A) can be linked with the deprotonated form of  the 4-connected 
links (Figure 5B), tetracarboxyphenylporphyrin (H4-TCPP-H2), to form 3D MOFs (MOF-525), 
which has a ftw  topology (Figure 5C,D). We also demonstrated how  this SBU can be deployed 
as an 8-connector SBU (Figure 5E) by blocking four coordination sites on the zirconium atoms 
with water ligands and how  linking this SBU with TCPP can form a MOF structure (MOF-545) 
with a csq topology (Figure 5F,G).

MOF-525 was prepared as follows: zirconyl chloride octahydrate was added to DMF and soni-
cated for 30 min.  Following sonication, H4-TCPP-H2 was added to the solution.  After 10 min 
further sonication, acetic acid was added to the solution.  The solution was placed in a 20 mL 
scintillation vial and heated at 65 °C for 3 days.  The microcrystalline powder was filtered and 
washed with DMF.  The DMF was then replaced with acetone, and the volatile acetone was re-
moved by heating at 120 °C under vacuum to obtain guest free samples.  The structure of  MOF-
525 was confirmed by PXRD analysis (Figure 6A, Rietveld refinement was performed).  MOF-
545 was also prepared by a solvothermal reaction, but formic acid was added to a reaction mix-
ture instead of acetic acid.  The reaction mixture was heated at 130 °C for 3 days to obtain sin-
gle crystals.  For structure determination of  MOF-545, MOF-545-Fe crystal with metallated or-
ganic linker (H4-TCPPFeCl) was used.
To assess the porosity of  MOF-525, and -545, Ar adsorption isotherms at 87 K were measured 
for the guest-free materials (Figures 6B and 7B). The Ar isotherms for each MOF clearly 
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Figure 5. Crystal structures of MOF-525 and MOF-545: (A) cube octahedral unit, Zr6O4(OH)4(CO2)12; (B) porphyrin 
linker used in MOF-525 and -545 [H4-TCPP-H2]; (C) ftw topology; (D) MOF-525; (E) cube unit, Zr6O8(CO2)8(H2O)8; 
(F) csq topology; (G) MOF-545. Pores in the frameworks are illustrated by yellow spheres. Atom colors: Zr, green 
polyhedra; C, black; N, green; O, red. Hydrogen atoms are omitted. 



showed a reversible argon adsorption indicative of permanent porosity.  Surface area analysis 
of MOF-525 and MOF-545 by the BET method gave surface areas of 2620, and 2260 m2/g, re-
spectively.  MOF-525 has the highest surface area reported for a zirconium-based MOF.  The 
step position observed in the argon isotherm of MOF-545 supports the mesoporous size of the 
large hexagonal pore. The chemical stability of MOF-525 and MOF-545 was evaluated by im-
mersing the activated structures in methanol, water, and acidic conditions (water:acetic acid = 
50:50, v/v) for 12 h (Figure 7A).  Upon reactivation of  these MOFs by immersion into acetone 
followed by evacuation at 30 mTorr, the crystallinity  and porosity of the materials were com-
pletely recovered.

The incorporation of  active metal sites into MOF materials should be important to enhance their 
gas adsorption properties.  Both porphyrin-containing MOFs (MOF-525 and MOF-545) have 
high porosity, chemical stability, and accessible porphyrin sites.  Therefore, two methods were 
employed to obtain metallated porphyrins: pre-assembly and post-assembly metallation.  Spe-
cifically, pre-assembly metallation was achieved using H4-TCPP-Cu and H4-TCPP-FeCl under 
synthetic conditions similar to those of MOF-525 and MOF-545 to form MOF-525-Cu 
[Zr6O4(OH)4(TCPP-Cu)3], MOF-545-Fe [Zr6O8(TCPPFeCl)2(H2O)8], and MOF-545-Cu 
[Zr6O8(TCPPCu)2(H2O)8].  Pre-assembly metallation was not successful for isolation of a pure 
iron analogue of MOF-525 with H4-TCPP-FeCl.  Therefore, post-assembly metallation of  the 
open porphyrin sites of  MOF-525 was used to quantitatively introduce iron(II) atoms into the 
porphyrin sites of MOF-525.  To achieve this, iron chloride was dissolved in DMF and MOF-525 
was added to the solution and heated to 100 °C for 12 h.  Unreacted metal salts and DMF were 
removed by activation conditions analogous to those of MOF-525.
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Figure 6. (A) PXRD patterns of MOF-525 and its metalated version. Simulated PXRD pattern for MOF-525 was 
overlaid. (B) Ar isotherms of MOF-525 and its metalated version measured at T = 87 K.

Figure 7. (A) PXRD patterns of MOF-545 after the stability tests. Simulated PXRD pattern for MOF-545 was overlaid. 
(B) Ar isotherms of MOF-545 measured at T = 87 K. 



Analysis of the PXRD patterns showed that the 
metallated derivatives of  MOF-525 and MOF-545 
have the same structures as their non-metallated 
analogues.  Analysis of the nitrogen isotherms of 
each MOF revealed BET surface areas comparable 
to those of the non-metallated analogues.  To confirm 
that each MOF was quantitatively metallated, the 
samples were digested in 2 M NaOH, and UV–vis 
spectroscopy study was performed; in no case was 
free porphyrin observed in the digested material.
We decided to investigate the ammonia adsorption in 
these frameworks (Figure 8). At 298 K, MOF-525-Fe 
showed the highest uptake of ammonia reported for a 
Zr-based MOF.  Furthermore, the addition of metal to 
the porphyrin unit was shown to considerably en-
hance the total ammonia adsorption. Interestingly in 
MOF-525 and the metallated analogue, a step was observed in the ammonia isotherm, which 
can be attributed to the adsorption of a second layer of  adsorption within the porphyrin contain-
ing MOF; the position of this step is altered by the addition of the metal.

d. Photophysical Pore Control of  an Azobenzene-Containing MOF; MOFs are highly porous 
and typically exhibit large surface areas.  However, to date, the storage and release of  guest 
molecules has relied solely on the uncontrolled diffusion of cargo into and out of the extended 
structures of the MOFs.  Although many MOFs have been synthesized, none have demon-
strated on-command release of stored guest molecules using controllable external stimuli.  We 
thus implemented the synthesis and photoisomerization studies of a non-interpenetrated 
azobenzene-derivatized MOF, azo-IRMOF-74-III (Figure 9), which contains 1-D pores. In this 
particular MOF, the size and shape of  the apertures are controlled by the conformational 
changes in the azobenzenes, which can be reversibly switched from trans to cis, or from cis to 
trans using UV or visible irradiation, respectively.  When all of the azobenzene units are in the 
trans-conformation the pore apertures are 8.3 Å in diameter, but upon switching to the cis-
conformation, the size of the aperture is increased significantly.
Azo-IRMOF-74-III was prepared by combining Mg(NO3)2·6H2O and the azobenzene-
functionalized linker in a solution of DMF, EtOH and H2O for 24 h at 120 ˚C.  After 24 h, the red 
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Figure 8. (A) NH3 isotherm at 298 K of 
MOF-525 and MOF-525-Fe. As a reference, 
the NH3 isotherm for UiO-67 was overlaid.

Figure 9. ((A) Experimental (red) and refined (black) PXRD patterns of azo-IRMOF-74-III after Rietveld refinement. 
The difference plot is indicated in green. Blue ticks indicate the positions of Bragg reflections. (B) Viewing 
azo-IRMOF-74-III down the c-axis displays one-dimensional pores and azobenzene functional groups projecting into 
the pores. The yellow and orange balls represent pore aperture in azo-IRMOF-74-III, when the azobenzene 
functional groups are in trans and cis conformation, respectively.



crystals were collected by filtration.  The PXRD pattern was used for structural determination as 
the microcrystalline material produced from the MOF synthesis did not diffract sufficiently for 
single crystal elucidation. From the modelling study followed by the Rietveld method, we con-
firmed that azo-IRMOF-74-III is an isoreticular expansion of MOF-74 (Figure 9A).  Because the 
one-dimensional pores in azo-IRMOF-74-III are lined with azobenzene groups that project to-
ward the middle of the pore, the size and shape of  the pore aperture directly depend on the cis 
or trans configuration (Figure 9B).  To confirm the porosity of azo-IRMOF-74-III, N2 isotherms at 
77 K were measured on activated samples. From the BET analysis a surface area of 2410 m2/g 
was calculated.
Azo-IRMOF-74-III has a broad absorption maximum between 300-450 nm. The absorption 
maximum is attributed to the conformation changes from trans  to cis, in arylazo link within the 
MOF.  This trans to cis light-induced conformational change of  the azoaryl unit within the hex-
agonal pores of  azo-IRMOF-74-III changes the pore diameter by over 4 Å (Figures 9B and 10A). 
In order to show  stimulated release within the pores of azo-IRMOF-74-III, propidium iodide dye 
was selected.  The MOF was loaded with propidium iodide (with absorption maximum at 568 
nm). After loading of  the “cargo” was completed, no release was observed in the first hour (Fig-
ure 10B).  After one hour, the MOF with entrapped guests was excited using a pulse laser at 
408 nm, the motion within the MOF framework allowed for a complete release of the dyes over 
15 hour period (Figure 10B).  This is the first example of light stimulating a response mechanism 
leading to the release of a dye molecule from a MOF framework.

e. “Masked” Nucleophiles and Latent Fluorophores; Taking highly convergent synthetic  
routes from readily availalble starting materials, we have prepared a series of  “branched” 
molecules 1–9 (Scheme 1), which are designed to undergo controlled chain fragmentation 
reactions to supply multiple copies of  neutralizing agents and reporter molecules toward CWAs 
(Scheme 2).  Reactivity studies of  these model systems in the solution phase established 
turn-on fluorescence response in response to the initial triggering event (Figure 11) by the CWA 
hydrolysis product (= F−).

f. Reactivity toward Electrophilic OP Agent Model; The chain fragmentation reaction 
responsible for the turn-on fluorescence response (Figure 11) is triggered by F–, which could 
initially be supplied as the byproduct of  the hydrolysis of OP agents.  In order to sustain the 
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Scheme 1. Chemical structures of 1st-generation model compounds to study fluoride-induced chain fragmentation 
reactions. 



detox/detection cycle, however, the chain fragmentation product, i.e. 
2- or 4-hydroxybenzyl alcohol, should directly react with CWAs to 
produce F– so that the cleavage–rearrangement–release cascade 
(Scheme 2) propagates to other modules until all the COF-entrapped 
CWAs are neutralized.  In order to validate this proposal, a model 
reaction between 4-hydroxybenzyl alcohol (10; chain fragmentation 
reaction product) and diethylchlorophosphate (DCP; CWA simulant) 
in CD3CN was monitored by 31P-NMR (Scheme 3).  We have 
confirmed that the deprotonated 10, generated in situ by treatment 
with Et3N, reacted quantitatively with DCP (δ = +5.0 ppm, 31P-NMR) 
under ambient conditions to furnish the corresponding phosphate 
adduct 11, which was identified by its characteristic 31P-NMR 
resonance at –4.8 ppm.  Control experiments fully established the 
requirement of 10 in DCP decomposition.

g. Immobilization of  Reactive Modules on Silicate Surface: Modeling the Reaction Envi-
ronment of  the COF Inner Surface: In order to test the feasibility of  functionalizing COF inner 
surfaces with azide–alkyne cycloaddition reactions, we have immobilized 3 (Scheme 1) onto 
glass surfaces and tested its reactivity toward F–.  As shown in Scheme 4, an azido-
functionalized surface was prepared by reaction between pre-cleaned cover glass with 3-
azidopropyl triethoxysilane (12) using standard silanization protocols.  Contact angle measure-
ments confirmed increased hydrophobicity of the modified surface (13).  Copper-catalyzed 
Huisgen [3 + 2] dipolar cycloaddition of 3 onto 13 proceeded cleanly under ambient conditions 
to furnish covalently-modified glass surface (14) presenting “masked” reagent modules derived 
from 3.  Reactivity studies fully established that the surface-bound reagent responds to F– to 
release the fluorogenic reporter.
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Figure 11.(a) Digital images of 1 in THF illuminated with a hand-held UV lamp (λ = 254 nm) prior to (left) and after 
(right) addition of F–. (b) Changes in the UV-vis (left) and fluorescence (right) spectra of 3 in THF prior to (blue) and 
after (red) addition of F– (10 equiv, delivered as Bu4NF salt), T = 298 K. 
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h. Mechanistic Understanding of  Chain Fragmen-
tation: Structure–Reactivity Relationships in Qui-
nonemethide Rearrangement: The chain fragmenta-
tion shown in Scheme 2 proceeds via QM intermedi-
ates which rapidly undergo rearrangement reactions 
to release the leaving groups in a cascade manner.  
Despite the importance of QM in many biological 
processes and its increasing popularity in synthetic 
pro-drug delivery systems, no kinetic studies were 
available that directly determined the rate of  QM rear-
rangement and correlated it to the nature of leaving/
spacer groups.  The release of  multiple copies of neu-
tralizing agents and reporter units in our proposed 
system (Figure 12) relies critically on the efficiency of 
QM rearrangement, which is directly coupled the re-
sponse kinetics of smart COFs as first line of defense 
against CWAs (Figure 13).
In order to aid rational structure design of such reac-
tive modules, we have extensively studied the re-
sponse kinetics of  the compounds 4 and 8 (Scheme 
1), and 15–18 (Scheme 5).  Installation of the turn-on 
fluorescence reporter umbelliferon (19; see Figure 14) 
was ideal for measuring directly the QM rearrange-
ment rates.  We focused on the fragmentation kinetics 
of (i) ether vs carbonate linker, i.e. 4 vs 8, and (ii) or-
tho- vs para-substitution pattern, i.e. 15 vs 17; 16 vs 
18.
In THF, 8 instantaneously reacted with F– to release 
19, whereas 4 showed significantly slower response 
despite that the Si–O bond cleave step in both cases 
should proceed with similar rate constants (Figure 14).  
A careful analysis using the kinetic models shown in 
Figure 14 clearly indicated a strong dependence of 
response kinetics on the nature of  the leaving group.  
Specifically, the carbonate-linked 8, despite having an 
additional fragmentation step to release CO2, col-
lapsed more rapidly than 4.  Fittings to kinetic traces 
enabled us to determine the rate constants of Si–O 
cleavage and QM rearrangement steps for a series of 
compounds.  Comparative studies with models 15–18 
further established an essentially identical kinetic be-
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Figure 12. A schematic diagram of an 
“idealized” COF system with 
CWA-responsive reactive modules anchored 
onto the the inner surface of large and 
non-collapsible cavities.
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Figure 13. A schematic diagram of a 
single-trigger, multiple-release system, the 
response rate of which is dictated by the 
parameters ktrigger, krelay, and krelease.  A 
detailed understanding of the structure–
reactivity relationship that underpins this 
cascade event is critical for the rational 
design of CWA detox system with feedback 
regulation, programmed signal delay, and 
timed release capabilities. . 



havior regardless of the ortho- or para-substitution pattern, thereby validating our initial proposal 
to realize “single trigger and multiple release” schemes with branch-structured reagents re-
sponding to CWAs.

i. Preparation of “Functionalizable” Mesoporous Silicates (MPSs) and Post-Synthetic 
Modifications: In order to implement the ideas outlined in Scheme 6, we have prepared an ex-
panded set of  SBA-15-N3-X, in which X (= 1, 2, 4, 6, and 8) represents the percent (%) of 
(EtO)3Si(CH2)3N3 used in the template-assisted co-condensation with (EtO)4Si to prepare the 
azido-functionalized MPS.
The PXRD data (Figure 15) confirmed that these materials retain good crystallinity; the surface 
area and the pore size of  SBA-15-N3-X (X = 1, 2, 4, and 8) were also determined by BET meas-
urements.  The average BET surface of  809.523 m2/g is in reasonable agreement with previ-
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ously reported azido-functionalized SBA-15.  In addition, a systematic decrease in pore size (52 
Å → 50 Å → 48 Å → 43.6 Å) was observed as the % loading of azidoalkyl precursor is in-
creased.
This air-stable and porous material was subsequently reacted with the reporter module (= a 
structural derivative of 3) to prepare surface-modified MPS as shown in Scheme 7.  Under opti-
mized conditions, fluoride-induced cleavage of the reporter module released 7-hydroxycoumarin 
as the reporter. Our UV-vis spectroscopic studies established a linear relationship between 
azide loading and concentration of the reporter group released, which fully establishes that the 
azide–alkyne cycloaddition reaction proceeds efficiently inside the MPS cavity.  In order to map 
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Figure 15. PXRD patterns of SBA-15-N3-X. (a) The relative intensity was normalized to the (100) diffraction. The pat-
terns were sequentially adjusted by 1.0 intensity units. (b) The patterns were sequentially adjusted by 1.0 intensity 
units after being multiplied by 10 in order to highlight the (110) and (200) diffractions. 

Scheme 7. Surface functionalization of mesoporous silicates through post-synthetic modification. 



out the reactive surface of functionalizable MPS, we also carried out “co-click” reactions to si-
multaneously install reporter and non-reporter molecules in varying ratios.  These post-
synthetically modified MPS materials were isolated and subjected to standard protocols to re-
lease the surface-bound reporter group.  UV-vis studies also confirmed that as the ratio of  the 
non-reporter molecule (with respect to the reporter molecule) is increased, the amount of  the 
released reporter is decreased in a linear fashion.

j. Synthesis of Dendritic Scaffolds to Enhance the Surface Density of  Reactive Modules: In 
an effort to increase the surface density of the functional groups to be installed in the inner cavi-
ties of MPS, we have carried out the “sequential” click reactions as outlined in Scheme 8.  By 
taking the synthetic routes outlined in Scheme 9, C3-symmetric dendritic molecules 20 and 22 
were prepared.  These hyper-branched scaffolds present multiple ethynyl groups for subsequent 
click reactions with azido-functionalized surfaces and molecules.Using copper(I)-catalyzed cy-
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Figure 16. TEM images of (a) SBA-15-N3-4, (b) 
SBA-15-D1st, and (c) SBA-15-D2nd. Histograms 
showing pore size distributions of (d) SBA-15-N3-4, 
(e) SBA-15-D1st, and (f) SBA-15-D2nd.
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cloaddition routes that we have established (see Section 2i above), 20 and 22 were grafted 
onto the azido-functionalized surface of MPS to prepare SBA-15-D1st, and SBA-15-D2nd, re-
spectively.  Changes in the pore size of SBA-15-N3 upon modification with dendrimers were ex-
amined by TEM (Figure 16), which showed ordered structures with hexagonal packing, indicat-
ing that the click reaction did not affect the morphology of  SBA-15.  A very narrow  size distribu-
tion of the pore was also observed across all samples.  The average pore size of SBA-15-4-N3 
is ca 42 Å, which nicely correlates with the pore size obtained from BET studies (47 Å).  The 
average pore size of SBA-15-4-D1st, and SBA-15-4-D2nd is 30 and 19 Å, respectively.  This sys-
tematic change in the pore size distribution is consistent with the increasing molecular dimen-
sions of the dendrimers with increasing generations (Scheme 9).

k. Spectroscopic “Mapping” of Reactive End Groups:  For the well-characterized SBA-15-4-
D1st, and SBA-15-4-D2nd, we have appended azido-tethered umbelliferone probe molecules by 
copper(I)-catalyzed click chemistry.  The amount of reactive ethynyl groups (i.e. those that are 
sterically accessible by incoming probe molecules) could be quantified directly by the umbellif-
erone (= 7-hydroxycoumarin) reporters released by fluoride-induced chain fragmentation (see 
Section 2i).
In addition, a resorufin (=7-hydroxy-3H-phenoxazin-3-one) probe having ethynyl groups could 
be reacted with the “unreacted” surface azido groups of MPS that had already been functional-
ized with dendrimers.  As shown in Figure 17a, a simultaneous release of umbelliferone and re-
sorufin from MPS was confirmed by the appearance of  the absorption peaks at λ = 407 nm 
(umbelliferone,  ε = 23,000 M–1 cm–1) and λ = 571 nm (resorufin, ε = 54,000 M–1 cm–1).  The 
amount of ethynyl group (on the dendrimer) and azide group (on the MPS surface) could be de-
termined directly from the absorbance at λ = 407 and 571 nm, respectively.

l. New  Probe Molecules for Naked-Eye Detection of  CWAs: In an effort to develop new  
colorimetric detection method for CWAs, we prepared an arylazo-based chromophore 23.  Addi-
tion of F– to a THF solution of 23 elicited a dramatic color change from yellow  to blue, with large 
spectral shift in absorption peak from λmax,abs = 441 to λmax,abs = 637 nm (Figure 18).  A quinoid-
type electronic structure contributes significantly to the broad charge transfer (CT)-type transi-
tion of the azo dye fragment 24 released from the trigger–relay–reporter module 23.

m. Borasiloxane Conjugated Polymer (BCP) as Chemiresistor Sensors:  With appropriate 
steric protection, [2 + 2]-type cyclocondensation reactions between π-conjugated boronic acids  
and dihydroxysilanes furnish borasiloxane cage molecules (25) that can be electropolymerized 
to form stable thin-film materials of  poly-25 on the electrode surface (Scheme 10).  Upon expo-
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Figure 17. (a) UV–vis spectra of umbelliferone (= 7-hydroxycoumarin) and resorufin (=7-hydroxy-3H-phenoxazin-3-
one) released from MPS following cleavage with F– in THF (red, MPS functionalized with 1st-generation dendri-
mer; blue, MPS functionalized with 2nd-generation dendrimer).  (b) The amount of azide (black) and ethynyl (gray) 
groups determined from the absorbance at λ = 407 and 571 nm, respectively..



sure to volatile amine vapors, the dark forest-
green color of  this partially p-doped conduct-
ing material immediately turns orange 
(through a large blue-shift in the polaron/
bipolaron transitions from B–N adduct forma-
tion), but this color switching could be re-
versed by treatment with stronger Lewis acid 
that can scavenge the polymer-entrapped 
RNH2 molecules.
In collaboration with Dr. Arthur Snow  at Naval 
Research Laboratory (Washington, D.C.), we 
have investigated changes in the electrical 
conductance of BCPs (deposited onto inter-
digitated microelectrodes) upon exposure to 
different vapor samples.  As shown in Figure 
19, the conductivity increased upon exposure 
to H2O vapor, but the baseline value was 
quickly restored after brief purging with N2.  
The increase in conductivity as signal read-
out is particularly intriguing.  In fact, it is a 
quite rare phenomenon in resistivity-based 
sensors, which typically undergo decrease in 
conductivity from perturbation of charge 
conduction pathways.  This switching cycle 
could be repeated multiple times, and the 
response isotherm shows a nice linear corre-
lation between the conductivity and H2O va-
por pressure.  These findings demonstrate 
that such a device can potentially be used as 
sensors for both qualitative and quantitative 
detection of certain vapor samples.

n. Optical Response of  BCP Sensors to 
TICs: In order to gain a quantitative under-
standing of  binding-induced changes in opti-
cal properties, we constructed controlled-gas 
flow  systems.  Upon a brief exposure to n-BuNH2 vapor (mixing ratio of channel 1/channel 2 = 
15%) for 15 s, the transmittance at 525 nm of BCP decreased while the transmittance at 652 nm 
increased (Figure 20). Purging of this amine-exposed thin film with pure N2 (for 2 h) restored the 
initial transmittance, which fully established the reversibility of  this process. The relatively long 
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Figure 18. (a) Mechanism of colorimetric response from the reaction between 23 and F–.  (b) Electronic absorption 
spectra of 23 prior to (blue) and after (red) treatment with fluoride in THF. Inset: photographic images of color 
change prior to (left) and after (right) addition of F–.
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purging time required for a full recovery of the baseline is presumably due to the formation of 
strong Lewis acid–base adduct between the boron center and the amino group.  Notably, this 
sensor showed stable optical change for multiple exposure–purge cycles conducted over a pe-
riod of 2 days.
We also examined the response of BCP toward different amount of NH3 by changing the mixing 
ratio of feeding gases.  Despite continuous drop of the baseline, the absolute change in the 
transmittance (= ΔT) of  BCP correlates directly with the concentration of NH3 applied as gas.  
This linear dependence of the ΔT on [NH3] suggests the possibility of using this sensor to quan-
tify the exact concentration of  NH3 or other related toxic TIC/TIM vapors.  Importantly, we found 
that the introduction of humidity does not compromise the sensor performance.

o. Backbone Modification of BCP to Capture Electrophilic CWAs:  For nucleophilic capture 
of OP-based nerve agents, pyridyl functionality was incorporated into borasiloxane monomers.  
The idea behind this approach is to detoxify OP agents through nucleophilic attack on the phos-
phoryl group by nitrogen atom on the pyridyl ring.  Such a reaction should be promoted by the 
capture of leaving group, i.e. fluoride ion, by the trivalent boron center to form a stable Lewis 
acid-base adduct (Scheme 11).  The synthesis of target molecule was completed and electro-
polymerization under potentiostatic condition (by holding the potential at +1.15 V (vs Ag/Ag+) for 
10 min) produced BCP as thin film materials deposited directly onto the electrode surface.  The 
pyridine nitrogen atom of the CP retains its basicity even when embedded within the solid ma-
trix.  For example, a brief  exposure of a thin film of BCP toward HCl vapor in air elicited a visu-
ally discernable color change from red to dark orange.  The original red color, however, could be 
fully restored by exposing this acid-treated CP to a saturated vapor of n-butylamine.  This cycle 
could be repeated multiple times without noticeable deterioration of the switching performance.  
We tested the response of  BCP to HD simulants including 2-chloroethyl ethyl sulfide and 2-
chloroethyl phenyl sulfide.  However, no significant spectral shift or color change was observed 
against HD simulants.
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Figure 20. Changes in the transmittance at 652 nm (red) and 525 nm (blue) of a thin film BCP on ITO-coated glass 
electrode upon exposure to a constant gas flow of 15% (v/v) n-BuNH2-saturated N2 for 15 s followed by 2 h purge 
with pure N2.

Scheme 11. Double activation and capture of OP agents.



3. SUMMARY AND CONCLUSION
Under the support of DTRA/ARO (W911NF-07-1-0533), we have designed and synthesized 
highly porous COFs and MOFs as functional architectures that are capable of capturing volatile 
TICs.  In parallel, we have explored novel crystalline porous materials that have reactive sites 
and functionalities, which can be controlled by an external stimulus.  For instance, we demon-
strated that reticular chemistry facilitates the design and synthesis of new  robust COFs having 
hydrolytically more robust borosilicate linkages (B–O–Si).  With appropriate choice of the sub-
stituents on the apical silicon sites, the borosilicate cages could potentially be functionalized to 
produce hybrid materials. We have also developed reactive sites in chemically stable frame-
works through isoreticular covalent functionalization and metallation. The most important con-
clusion is that the reactive sites in the pore, which interact strongly with guest molecules, are 
required for ammonia capture.  In addition, a MOF with self-contained photo-active switches 
was prepared to demonstrate the ability to control the release guest molecules from its pores in 
response to an external stimulus. Our understanding of the synthesis of COFs and MOFs is still 
in its early stages, but it is clear that functional modification of  crystalline porous solids should 
significantly improve the adsorption capacity of various CWAs and TICs.
As stimuli-responsive functional molecules that can release multiple copies of nucleophilic 
agents to combat electrophilic CWAs, we have developed linear/branched oligoether/esters.  
Upon cleavage of  a Si–O bond triggered by fluoride anion (= hydrolysis product of OP agent), 
fast and repetitive QM rearrangement occur along the molecular backbone to release phenoxide 
derivatives that detoxify OP agent simluant through P–O bond formation.  The progress of such 
reaction could be visually monitored by a large enhancement in the fluorescence intensity, 
which allows for detection and detoxification achieved by a single integrated molecular system.  
Through high-yielding click chemistry, we have successfully installed these functional modules 
onto chemically modified inorganic surfaces including mesoporous silicates.  As one-
dimensional structural analogue of COF, shape-persistent conducting polymers were also pre-
pared from borasiloxane cage molecules.  The light-absorbing properties and electrical conduc-
tivities of these air-stable thin film materials change in a reversible fashion upon exposure to 
volatile TICs including low-molecular weight amines.  A chemically-driven signal amplification 
mechanism that we have developed and refined with these stimuli-responsive molecules should 
readily be implemented with various structural platforms, including porous matrix of COF and 
MOF.
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